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ABSTRACT
We derive new constraints on the non-gravitational baryon-dark-matter scattering
(BDMS) by evaluating the mass thresholds of dark matter (DM) haloes in which
primordial gas can cool efficiently to form Population III (Pop III) stars, based on the
timing of the observed 21-cm absorption signal. We focus on the BDMS model with
interaction cross-section σ = σ1[v/(1 km s
−1)]−4, where v is the relative velocity of the
encounter. Our results rule out the region in parameter space with σ1 & 10−19 cm2
and DM particle mass mχc
2 . 3 × 10−2 GeV, where the cosmic number density
of Pop III hosts at redshift z ∼ 20 is at least three orders of magnitude smaller
than in the standard Lambda cold DM (ΛCDM) case. In these BDMS models, the
formation of Pop III stars is significantly suppressed for z & 20, inconsistent with
the timing of the observed global 21-cm absorption signal. For the fiducial BDMS
model with mχc
2 = 0.3 GeV and σ1 = 8 × 10−20 cm2, capable of accommodating
the measured absorption depth, the number density of Pop III hosts is reduced by a
factor of 3 − 10 at z ∼ 15 − 20, when the 21-cm signal is imprinted, compared with
the ΛCDM model. The confluence of future detailed cosmological simulations with
improved 21-cm observations promises to probe the particle-physics nature of DM at
the small-scale frontier of early structure formation.
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1 INTRODUCTION
Recently, the Experiment to Detect the Global Epoch of
Reionization Signature (EDGES) measured the 21-cm ab-
sorption signal from primordial neutral hydrogen at red-
shift z ∼ 17, which is (3σ) stronger than what is expected
from the standard Lambda cold dark matter (ΛCDM) model
(Bowman et al. 2018). This signal with its specific timing
and strength, if confirmed, contains valuable information on
the state of the early Universe, the nature of dark matter
(DM), and even new physics.
The timing of the EDGES signal shows that sufficient
star formation has occurred before z = 20 to establish the
Lyman-α radiation field that couples the spin temperature
of neutral hydrogen with the kinetic temperature of gas via
the Wouthuysen-Field effect (Wouthuysen 1952; Field 1958).
Recent studies by Madau (2018) and Schauer et al. (2019a)
show that Population III (Pop III) stars formed in mini-
haloes play an important role in this process. Besides, several
groups also use this timing information to constrain warm
? E-mail: boyuan@utexas.edu
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DM (WDM) properties and find that the mass of thermal
WDM is limited to mχc
2 & 2 − 6.1 keV (Schneider 2018;
Sitwell et al. 2014; Safarzadeh et al. 2018). This unique ab-
sorption signal can also put constraints on interacting dark
matter models (Lopez-Honorez et al. 2019).
To interpret the strength of the EDGES signal, Barkana
(2018) argues that the intergalactic medium (IGM) at
z ∼ 17 has to be cooler than what is implied by current
theoretical predictions, which could be achieved by non-
gravitational scattering between baryons and DM particles,
such as predicted for millicharged atomic DM (Cline et al.
2012; Mun˜oz & Loeb 2018), or axion-like DM (Yang et al.
2018). An alternative interpretation posits a possible early
radio background, in addition to the cosmic microwave back-
ground (CMB, Feng & Holder 2018), which itself may be
produced by DM (Fraser et al. 2018). The former inter-
pretation, if verified, has great significance for fundamen-
tal physics. However, the effect of baryon-dark-matter scat-
tering (BDMS) so far has only been explored in the linear
regime for the IGM (e.g., Tashiro et al. 2014; Dvorkin et al.
2014; Fialkov et al. 2018; Slatyer & Wu 2018), and a large
region in the phenomenological parameter space for such
BDMS is consistent with the EDGES signal (see Figure 3 of
c© 2019 The Authors
ar
X
iv
:1
90
2.
09
65
0v
2 
 [a
str
o-
ph
.G
A]
  4
 Ju
n 2
01
9
2 B. Liu, A. Schauer, V. Bromm
Barkana 2018). When considering the particle physics mech-
anisms behind BDMS, tight constraints are derived from a
variety of probes, such as the CMB, primordial chemistry,
Lyman-α forest power spectra, and laboratory experiments
(e.g., Kovetz et al. 2018; Berlin et al. 2018; Barkana et al.
2018; Mahdawi & Farrar 2018; Xu et al. 2018).
The effect of BDMS in the nonlinear regime of high-z
structure formation is also important for the 21-cm signa-
ture, as the feedback from the first generation of (Pop III)
stars is influencing the thermal state of the early IGM. In
this regard, Hirano & Bromm (2018) investigate the BDMS
effect in primordial star-forming gas clouds, reaching central
hydrogen number densities of nc > 10
6 cm−3. Their study
shows that massive stars are able to form within the fiducial
BDMS model that can accommodate the absorption depth
measured by EDGES, and rules out a large region in pa-
rameter space, where strong cooling or heating can occur to
suppress formation of massive Pop III stars. However, their
work is not fully self-consistent, since the physical properties
of star-forming clouds in virialized haloes are derived from
simulations carried out without the BDMS effect, and the
momentum transfer as well as the thermal back-reaction on
the DM fluid by BDMS is ignored.
In general, the abundance and states of star-forming
clouds can be quite different with BDMS, compared with
the ΛCDM baseline model. Thus, it is still unknown whether
BDMS can self-consistently accommodate the EDGES sig-
nal, including its timing and strength, and what constraints
on the BDMS parameter space can be obtained from early
structure formation. In this study, we address these ques-
tions by evaluating the mass thresholds of DM haloes that
can host Pop III stars with BDMS. To be more specific, we
focus on the pre-virialization stage of potential star-forming
clouds, and calculate the thermal and chemical histories of
DM haloes in the presence of BDMS, to examine whether
the gas inside them can efficiently cool to form stars.
This paper is structured as follows. In Section 2, we de-
scribe the one-zone model used to calculate the mass thresh-
olds of haloes that can efficiently cool to host Pop III stars,
when BDMS is included. In Section 3, we present the re-
sults for the fiducial BDMS model (Sec. 3.1), as well as the
constraints on the wider BDMS parameter space (Sec. 3.2).
Finally, our conclusions and perspectives for future studies
are discussed in Section 4.
2 METHODOLOGY
Following Mun˜oz et al. (2015), throughout this work we
assume that DM can be regarded as an ideal gas (with a
Maxwell-Boltzmann velocity distribution) of thermal tem-
perature Tχ and adiabatic index γχ. Note that this ideal
gas assumption only applies in the limit where DM self-
interactions are frequent enough to efficiently redistribute
DM velocities, and it can overestimate the energy-transfer
rate by up to a factor of 3 in the early coupling scenar-
ios where DM starts thermally and kinematically coupled
to baryons (Ali-Ha¨ımoud 2019). However, here we focus on
a late coupling scenario in which the BDMS (momentum-
transfer) cross-section is parametrized as σ = σ0v
−4 =
σ1[v/(1 km s
−1)]−4, where v is the relative velocity of the
encounter. Such a strong inverse velocity dependence would
arise naturally in Coulomb-like scattering. It is also nec-
essary to produce sufficient cooling in the cosmic dark ages
(20 . z . 200), when the relative velocities between DM and
baryons are at their minimum value, to account for the 21-
cm absorption signal, while remaining consistent with obser-
vations such as the CMB and Lyman-α forest (see Dvorkin
et al. 2014; Xu et al. 2018 for general models with σ ∝ vn,
−4 ≤ n ≤ 2). It has previously been shown that such scat-
tering with σ ∝ v−4 is indeed able to explain the strength
of the EDGES signal (Barkana 2018; Slatyer & Wu 2018).
Unfortunately, going beyond the ideal gas assumption for
late-coupling self-interacting DM is non-trivial, where solv-
ing the exact collisional Boltzmann equation seems the only
approach (Ali-Ha¨ımoud 2019). This is beyond the scope of
our study. Any uncertainties resulting from this approxima-
tion are expected to be within factors of a few.
Under the ideal gas assumption and σ ∝ v−4 parame-
terization, we work in a phenomenological framework, where
the properties of BDMS are determined by two param-
eters: DM particle mass mχ and cross-section parameter
σ1. The constraints derived in this mχ-σ1 parameter space
are general and applicable for any particle physics mod-
els with Coulomb-like BDMS. For example, such Coulomb-
like interactions exists in millicharged DM models, where
the dark particles carry a small electric charge, as in the
hidden Stueckelberg Z’ model with millicharged fermion-
antifermion pairs (Cheung & Yuan 2007), or in the atomic
DM scenario with small charge induced by kinetic mixing
(Cline et al. 2012). Actually, our analysis further tightens
the constraints on millicharged DM (Mun˜oz & Loeb 2018;
Berlin et al. 2018), as shown in Section 3.2 below.
For any BDMS model specified with mχ and σ1, we
solve the mass threshold of Pop III hosts at any given viri-
alization redshift zvir with the following steps: We (i) first
derive the pre-virialization thermal and chemical evolution
in the select over-dense structure (Sec. 2.1), where the den-
sity evolution is modelled with a top-hat model (Sec. 2.2),
and then (ii) use these results to determine the minimum
halo mass required to host star formation (Sec. 2.3). The
initial conditions for the thermal and chemical evolution are
described in Section 2.4.
2.1 Thermal evolution
We solve the thermal evolution of primordial gas and DM
in over-dense structures with an idealized one-zone model,
including the BDMS terms from Mun˜oz et al. (2015), while
the density evolution is approximated with a top-hat model
(see Sec. 2.2 for details). The governing equations for the
baryon and DM temperatures, Tb and Tχ, as well as the
relative velocity between these two components (vbχ), are
kB
γb − 1
dTb
dt
=
Γ− Λ
n
+
kBTb
ρb
dρb
dt
+ Q˙b , (1)
kB
γχ − 1
dTχ
dt
=
kBTχ
ρχ
dρχ
dt
+ Q˙χ , (2)
dvbχ
dt
=
1
3
vbχ
ρm
dρm
dt
−D . (3)
Here ρi = (Ωi/Ωm)ρm denotes the densities of baryons (i =
b) and DM (i = χ), where ρm is the total matter density,
with Ωb = 0.048, Ωχ = 0.267 and Ωm = 0.315 in Planck
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Figure 1. Density evolution for the top-hat model, given by
Equations (7)-(9), at zvir = 20 (corresponding to t ' 180 Myr).
For comparison, we also show the evolution of the IGM back-
ground (dashed-dotted line).
cosmology (Planck Collaboration et al. 2016). Further, kB is
the Boltzmann constant, and we set the adiabatic indices to
γ = γb = γχ = 5/3 for simplicity.
For baryons (Tb), the first term on the right-hand side
of Equation (1) represents heating (Γ) and cooling (Λ) from
baryonic processes, where n = ρb/(µmp) is the number den-
sity of gas particles, with µ ' 1.22 being the mean molec-
ular weight, and mp the proton mass (mpc
2 = 0.938 GeV).
We only consider the heating by Compton scattering of
CMB photons, so that Γ = kC(TCMB − Tb) (Mun˜oz et al.
2015), where kC is the Compton interaction rate
1, and
TCMB = TCMB,0(1+z) the CMB temperature with a present-
day value of TCMB,0 = 2.726 K. The cooling function Λ is
taken from Liu & Bromm (2018), which implements cool-
ing by atoms, ions, free electrons, and the main molecular
coolants (H2, HD and LiH) in primordial gas. The second
and third terms on the right hand side of Equation (1) cor-
respond to the work done to the fluid by adiabatic compres-
sion/expansion and energy transfer by BDMS (Q˙b). The case
of DM (Tχ) is similar, without a baryonic heating/cooling
term. The time evolution of vbχ (Equ. 3) is also determined
by two terms: one for adiabatic compression/expansion, and
the other for BDMS, described with the drag force term D.
Given the masses of baryon and DM particles, mb
and mχ, the heat-exchange (energy-transfer) and drag
force (momentum-transfer) terms for BDMS take the forms
(Mun˜oz et al. 2015)
Q˙b(vbχ;σ0,mχ;mb) =
2kBmbρχσ0(Tχ − Tb)e−r2/2
(mb +mχ)2
√
2piu3th
+
mbmχρχ
(mb +mχ)ρm
vbχD(vbχ;σ0,mχ;mb) , (4)
D(vbχ;σ0,mχ;mb) =
σ0ρm
(mb +mχ)v2bχ
F (r) , (5)
under the ideal gas approximation, where r ≡ vbχ/uth,
1 kC = 3.9×10−20ne(1+z)4 (in c.g.s. units) at redshift z, where
ne is the number density of free elections. We have verified that
our model can reproduce the thermal IGM evolution in CDM
cosmology from Tseliakhovich & Hirata (2010).
uth ≡
√
kBTb/mb + kBTχ/mχ is the typical velocity of rel-
ative thermal motion between the two fluids, and
F (r) ≡ erf
(
r√
2
)
−
√
2
pi
re−r
2/2 . (6)
The heat-exchange term for DM, Q˙χ(vbχ;σ0,mχ;mb), can
be obtained easily from that for baryons (Equ. 4) by ex-
changing the subscripts b and χ. To evaluate the rele-
vant terms in Equations (1) and (2), we only consider
BDMS involving hydrogen and helium nuclei, so that Q˙i ≡
xHQ˙i(vbχ;σ0,mχ;mp) + xHeQ˙i(vbχ;σ0,mχ; 4mp) for i =
b, χ, where xH = 0.927 and xHe = 1 − xH are the frac-
tions of hydrogen and helium nuclei in primordial gas. Sim-
ilarly, for the drag force term in Equation (3), we have
D ≡ xHD(vbχ;σ0,mχ;mp) + xHeD(vbχ;σ0,mχ; 4mp).
Finally, we need to solve the chemical evolution to
evaluate the baryonic heating and cooling terms in Equa-
tion (1). We start with the chemical network in Liu &
Bromm (2018), which includes 36 reactions for 17 species
(Haiman et al. 1996; Galli & Palla 1998; Bromm et al.
2002; Mackey et al. 2003; Johnson & Bromm 2006). We fur-
ther include 2 reactions involving CMB photons2 from Galli
& Palla (1998), which are important for the formation of
molecular coolants H2 and HD at high redshifts (z & 30).
For simplicity, we do not include Lyman-Werner (LW) pho-
tons in our network, which can increase the mass threshold
of star-forming minihaloes (e.g., Machacek et al. 2001; Wise
& Abel 2007; O’shea & Norman 2008). In general, taking
into account LW photons will further tighten the constraints
on BDMS. This can be described by the fitting formula
Mth = Mth,0
[
1 + 6.96(4piJLW,21)
0.47
]
, based on simulation
data (Machacek et al. 2001; Fialkov 2014). Here, Mth and
Mth,0 are the mass thresholds with and without LW fields,
JLW,21 ≡ JLW/(10−21erg s−1 cm−2 Hz−1 sr−1), and JLW is
the intensity of the LW background.
2.2 Top-hat model
The density evolution in DM haloes is approximated with
a generalized top-hat model, which has two parameters: the
over-density factor ∆ and virialization redshift zvir. In the
standard top-hat model, there is only one free parameter
zvir, with a constant ∆ = ∆V ' 200 as the typical over-
density of a virialized DM halo (e.g., Bromm et al. 2002).
However, we use a different value of ∆. The reason is that
we here focus on the inner core within ∼ 0.1Rvir, where
star formation occurs (Bromm et al. 2002; Druschke et al.
2018), with Rvir being the virial radius. As star-forming gas
clouds exhibit a quasi-isothermal density profile ρ ∝ r−2.2
(e.g., Gao et al. 2007; Hirano et al. 2015), the over-density
factor for this inner gas core is about 100 times the typical
over-density for virialized haloes, ∆V = 200, so that we use
∆ = 100∆V = 2× 104. We follow the treatment in Tegmark
et al. (1997), and express the matter density at z ≥ zvir as
ρm(z) = max [ρ¯m(z)(1 + δ), ρ¯m(zvir)∆] , (7)
where ρ¯m(z) = 2.7×10−30(1+z)3 g cm−3 is the background
average density at redshift z, and δ ≡ δ(z, zvir) is calculated
2 H− + hν = H + e− and H+2 + hν = H + H
+.
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from (Tegmark et al. 1997)
(1 + δ) =
9(α− sinα)2
2(1− cosα)3 , (8)
1 + zvir
1 + z
=
(
α− sinα
2pi
)2/3
. (9)
We set ρm(z) = ρ¯m(zvir)∆ for z < zvir. In Fig. 1, we show
an example for the top-hat density evolution with zvir = 20
(corresponding to t ' 180 Myr).
2.3 Mass threshold for star formation
A minihalo can host Pop III stars only when the gas is able
to efficiently cool, thus triggering run-away collapse. In order
to determine the mass threshold Mth above which a halo can
form stars, given its virial mass M and virialization redshift
zvir, we solve Equations (1)-(3) with the top-hat model from
zi to zvir, where zi = 300 is the initial redshift (see Sec. 2.4
for further details). We do not model the virialization pro-
cess explicitly, but only consider its thermal consequences.
That is to say, at zvir, we set both Tb and Tχ to the virial
temperature3
Tvir =
GMµmp
5kBRvir
' 900
(
1 + zvir
21
)(
M
106 M
)2/3
K , (10)
for any given M . Then we calculate the cooling timescale
tcool = Tb/(dTb/dt), where dTb/dt is obtained by evaluat-
ing Equation (1) at zvir. We compare tcool with the free-fall
timescale of the inner core
tff =
√
3pi
32G∆ρ¯m(zvir)
' 3
(
1 + zvir
21
)−3/2
Myr , (11)
and conclude that the halo can undergo star formation when
the Rees-Ostriker-Silk (ROS) cooling criterion tcool ≤ tff
(Rees & Ostriker 1977; Silk 1977) is met (see also Sulli-
van et al. 2018). In this way, for any given zvir, we can ob-
tain tcool/tff as a function of M by interpolation. Within
this framework, Mth is defined by imposing the condition
tcool/tff = 1.
We further make corrections to the threshold masses
derived with the above method to take into account the ef-
fect of streaming motion between DM and gas. It is found
in simulations that with streaming motion, baryon frac-
tions in minihaloes are reduced, and star formation delayed
(e.g., Maio et al. 2011; Greif et al. 2011; Stacy et al. 2011;
Naoz et al. 2012, 2013). As a result, the mass threshold for
Pop III host haloes is also increased (e.g., Fialkov et al. 2012;
Schauer et al. 2019b). Although with BDMS, the streaming
motion does play a role in our model through Equation (3)
and the dependence on vbχ of Q˙i (i = b , χ), the effect is
not fully captured in the absence of well-modeled dynam-
ics. Therefore, it is necessary to add further corrections. For
simplicity, the effect of streaming motion is absorbed into
the effective circular velocity
veff =
[
v2cir + β(∆V /∆)
2/3v2bχ,V
]1/2
, (12)
3 Here we assume that DM will rapidly thermalize with BDMS
during virialization, so that Tχ ∼ Tb ∼ Tvir holds at the end of
the virialization process.
where β is an adjustable parameter (=0.7 by default),
vbχ,V ≡ vbχ(z = zvir) is obtained from the one-zone model,
(∆V /∆)
2/3 a scaling factor to account for the difference in
relative velocities for the inner core and the entire halo, and
vcir =
√
GMth
Rvir
= 5.4
(
Mth
106 M
)1/3(
1 + zvir
21
)1/2
km s−1 (13)
is the circular velocity of a halo with M = Mth. The cor-
rected threshold mass is then defined as
M˜th =
(
veff
vcir
)3
Mth . (14)
We have verified that in ΛCDM cosmology, our results with
β = 0.7 are consistent with those from the simulations in
Schauer et al. (2019b) (see Fig. 2). Note that, Fialkov et al.
(2012) has developed a model to describe the dependence of
Mth on vbc
Vcool = {V 2cool,0 + [αvbc]2}1/2 , (15)
where Vcool,0 = vcir(Mth), Vcool = vcir(M˜th), and vbc '
vbχ,V /∆
1/3. The predictions from this model with the best-
fit parameters Vcool,0 = 3.714 km s
−1 and α = 4.015 are
consistent with our results at z & 40, as shown in Fig. 2.
Actually, it can be easily shown from Equations (12)-(15)
that the choice of α = β1/2∆
1/3
V and β = 0.7 corresponds
to α = 4.89 for ∆V = 200, within the range α ∼ 4 − 6
calibrated with simulations (Fialkov 2014).
Finally, we impose an upper bound to M˜th as Mmax =
10M2, where (e.g., Yoshida et al. 2003b; Trenti & Stiavelli
2009)
M2 ≡M2(zvir) ' 8.2× 106
(
1 + zvir
21
)−3/2
M (16)
is the mass threshold for atomic cooling haloes (Oh &
Haiman 2002). Here we assume that haloes with M > Mmax
can cool efficiently anyway by atomic cooling, which is ac-
tivated by structure formation shocks and not captured by
our simple treatment of the virialization process without dy-
namical ionization.
2.4 Initial conditions
Our calculations of the thermal, chemical, and density evo-
lution of over-dense structures start at an initial redshift
zi = 300. The choice of zi is based on the fact that for the
parameter space of greatest concern here, significant differ-
ences between the standard CDM and BDMS models only
occur at z  zi (see below)4. The chemical network is ini-
tialized with the abundance values from Galli & Palla (2013)
at zi = 300, as summarized in Table 1.
The initial conditions for Tb, Tχ and vbχ at zi are gener-
ated with Equations (1)-(3) for the IGM background, start-
ing the calculation at recombination, zrec = 1100, now turn-
ing off the chemical network, and assuming that BDMS ef-
fects are not significant at such high redshifts. Furthermore,
4 Our chemical network is incomplete and cannot reproduce the
chemical evolution in CDM cosmology at high redshifts (z  zi),
but the results are consistent with those in Galli & Palla (2013)
for z < zi.
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Table 1. Initial abundances of select primordial chemical species
at zi = 300, taken from Galli & Palla (2013).
[H+/H] [H−/H] [H2/H] [H+2 /H] [D/H]
5× 10−4 10−18 10−11 5× 10−16 4× 10−5
instead of using the top-hat model, we simply set ρm = ρ¯m,
as the density perturbation has not grown significantly to
deviate from the background.
At zrec = 1100, the magnitude of the streaming motion
between DM and gas vbχ,0 is an adjustable parameter. Such
streaming motion can be coherent over large (Mpc) scales,
and vbχ,0 follows a multi-variate Gaussian distribution (e.g.,
Tseliakhovich & Hirata 2010; Fialkov 2014). The 3-D stan-
dard deviation of this distribution is σrms = 30 km s
−1,
and 0.8σrms serves as a typical value of vbχ,0, around which
the contribution to the overall halo mass function is largest
(Schauer et al. 2019a).
For Tb in the IGM background, we use the fitting for-
mula from Tseliakhovich & Hirata (2010)
Tb(a) =
TCMB,0
a
[
1 +
a/a1
1 + (a2/a)3/2
]−1
, (17)
where a = 1/(1 + z) is the scale factor, a1 = 1/119, and
a2 = 1/115. While Tχ is estimated by
Tχ(z) =
 TCMB,0(1 + z), z ≥ zcrit ,Tχ(zcrit)( 1+z1+zcrit )2 , z < zcrit , (18)
where zcrit = 2mχc
2/(3kBTCMB,0)− 1 is the critical redshift
below which DM particles become non-relativistic. For in-
stance, Tb = 2991 K and Tχ = 3.9× 10−6 K at zrec = 1100,
given mχc
2 = 0.3 GeV.
3 RESULTS
3.1 The fiducial BDMS model
We first explore the fiducial model of BDMS with mχc
2 =
0.3 GeV and σ1 = 8 × 10−20 cm2. This model predicts a
21-cm absorption peak with 〈δT 〉 = −500 mK at z = 17
(Barkana 2018), which matches the most likely observed
value from EDGES (Bowman et al. 2018). Fig. 2 shows the
mass thresholds of Pop III host haloes under this model as
functions of virialization redshift (thick lines), in comparison
with those in the standard ΛCDM model (normal lines), for
different magnitudes of initial streaming motion velocity. We
also compare our results for the CDM model with the simu-
lation results (ultra-thick lines) from Schauer et al. (2019b),
as well as the predictions of the best-fit model (Equ. 15) with
Vcool,0 = 3.714 km s
−1 and α = 4.015 (thin lines) in Fialkov
et al. (2012) and find that the differences are within a factor
of 3. Without streaming motion, the mass threshold is al-
ways enhanced by BDMS, and the enhancement increases as
redshift decreases, reaching a factor of 5 at the onset of the
21-cm absorption signal zvir ∼ 20. However, with moderate
levels of streaming motion (0.5σrms . vbχ,0 . 2σrms), the
mass threshold can be reduced due to BDMS at high red-
shifts zvir > zth, where the threshold redshift zth decreases
with vbχ,0. Actually, for vbχ,0 & 1.5σrms, the mass threshold
with BDMS is always lower than that in the CDM model
at zvir & 20. In the redshift range of the observed 21-cm
absorption signal, 15 . z . 20 (Bowman et al. 2018), the
mass threshold is enhanced by a factor of a few, under the
representative condition vvχ,0 = 0.8σrms.
Fig. 3 shows the mass thresholds as functions of ini-
tial streaming motion velocity, at different redshifts. In gen-
eral, for a given zvir, as vbχ,0 increases, the mass thresh-
old with BDMS present starts above the CDM comparison
value, then drops below, and finally becomes equal to it. This
trend results from an inverse trend in molecular hydrogen
abundances, as shown in Fig. 4. The reason is that the mass
threshold tends to decrease with higher H2 abundances, as
H2 is the main coolant in minihaloes, and more H2 leads to
more efficient cooling under the same conditions. Another
factor that shapes the trend in Fig. 3 is that BDMS produces
friction between the two fluids and facilitates the decay of
vbχ. Therefore, under mild initial streaming motions (e.g.,
1σrms . vbχ,0 . 3σrms for zvir = 20), the effect of streaming
motion is reduced in BDMS models, which can lead to lower
mass thresholds compared with the CDM model, where vbχ
can only decay with adiabatic expansion.
Based on the above results for M˜th(vbχ,0, zvir) (Fig. 3),
we estimate how the abundance of Pop III host haloes
is affected by BDMS. Assuming that the effect of BDMS
on the statistics of DM structures is negligible, we use
the python package hmf (Murray et al. 2013) to calcu-
late the halo mass functions, with the default fitting model
from Tinker et al. (2008), and treat the BDMS models
as WDM models with thermal WDM masses of the cor-
responding mχ values (Bode et al. 2001; Viel et al. 2005).
Given zvir, we first obtain the number density of Pop III
host haloes, nPopIIIh , by integrating the halo mass func-
tion in the mass range [M˜th(vbχ,0, zvir), M2(zvir)] on a
grid of vbχ covering the interval [0, 5σrms], and then de-
rive the cosmic average n¯PopIIIh from the probability distri-
bution of vbχ,0, which is a multivariate Gaussian P(vbχ,0) ∝
v2bχ,0 exp[−3v2bχ,0/(2σ2rms)]. The resulting number density ra-
tio fnh = n¯
PopIII
h (BDMS)/n¯
PopIII
h (CDM) as a function of zvir
is shown in Fig. 5, for the fiducial BDMS model. It turns
out that fnh . 1 for zvir . 30, and fnh ∼ 0.1 − 0.3 in the
epoch of the EDGES signal, zvir ∼ 15 − 20. Since sufficient
Pop III star formation is necessary to produce the early 21-
cm Wouthuysen-Field coupling inferred by EDGES (Hirano
& Bromm 2018; Schauer et al. 2019a), the suppression of
Pop III halo abundances in the fiducial BDMS model indi-
cates that a higher star-formation efficiency, by a factor of 3
to 10 compared to the CDM case, is required to compensate.
For comparison, we also plot the results of a typical
‘cold’ model withmχc
2 = 10−3 GeV and σ1 = 1×10−18 cm2,
and a typical ‘warm’ model with mχc
2 = 10 GeV and σ1 =
1 × 10−20 cm2 in Fig. 5. In the ‘cold’ model, the number
density of Pop III host haloes is reduced by at least 5 orders
of magnitude for zvir . 45, implying that almost no star
formation can happen. While in the ‘warm’ model, fnh is
always close to unity, slightly exceeding it for zvir . 35, and
the number density of Pop III hosts is increased by about
5% at zvir ∼ 15 − 20. However, this ‘warm’ model cannot
produce a strong 21-cm absorption signal, as shown below.
The relation between the molecular hydrogen abun-
dance and the initial streaming velocity vbχ,0 shown in Fig. 4
can be further understood as follows. In Fig. 6, we illustrate
MNRAS 000, 1–11 (2019)
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Figure 2. Mass thresholds of Pop III host haloes as functions of virialization redshift under the fiducial BDMS model (thick lines) with
mχc2 = 0.3 GeV and σ1 = 8 × 10−20 cm2, for (left) vbχ,0 = 0 (solid) and vbχ,0 = 0.8σrms (dashed), as well as (right) vbχ,0 = 1.5σrms
(dashed-dotted) and vbχ,0 = 2σrms (dotted), where σrms = 30 km s
−1. The CDM counterparts are shown with normal lines. Besides, for
the CDM model, we also plot the results based on the best fit (Equ. 15) with Vcool,0 = 3.714 km s
−1 and α = 4.015 from Fialkov et al.
2012 (‘F12’) in thin curves. The redshift-independent mass thresholds from the simulations of Schauer et al. 2019b (‘S18’) are shown in
ultra thick lines for vbχ,0 = 0 (solid), vbχ,0 = 1σrms (dashed) and vbχ,0 = 2σrms (dotted). The shaded region denotes the redshift range
of the observed 21-cm absorption signal 15 . z . 20 from EDGES (Bowman et al. 2018).
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Figure 3. Mass thresholds of Pop III host haloes as functions of
initial streaming motion velocity for zvir = 20 (solid), zvir = 60
(dashed) and zvir = 100 (dotted). The results for the fiducial
BDMS model with mχc2 = 0.3 GeV and σ1 = 8× 10−20 cm2 are
shown with thick curves, while those for the CDM model with
normal curves. The thin vertical lines show the locations of 1, 2
and 3 σrms, where σrms = 30 km s−1.
the BDMS energy transfer rate for baryons, Q˙b, as a function
of the relative velocity vbχ, with Tb = 200 K, Tχ = 10 K and
n = 1 cm−3. It turns out that Q˙b < 0 for vbχ . uth, Q˙ > 0
for vbχ & uth, and Q˙ ' 0 for vbχ & 10uth. Generally speak-
ing, if the initial streaming velocity is very high, the BDMS
effect is negligible. This is why the mass thresholds and H2
abundances converge to the CDM values for vb,χ,0 & 3σrms
(see Fig. 3 and 4). When vbχ,0 is around 0.3 − 3σrms, early
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zvir = 60.0, BDMS
zvir = 100.0, BDMS
zvir = 20.0, CDM
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zvir = 100.0, CDM
Figure 4. Molecular hydrogen abundances at zvir as functions of
initial streaming motion velocity for zvir = 20 (solid), zvir = 60
(dashed) and zvir = 100 (dotted). Again, the results for the fidu-
cial BDMS model with mχc2 = 0.3 GeV and σ1 = 8×10−20 cm2
are shown with thick curves, while those for the CDM model with
normal curves. The thin vertical lines show the locations of 1, 2
and 3 σrms, where σrms = 30 km s−1.
on BDMS introduces a heating term for baryons (by fric-
tion), and it will subsequently become a cooling term, when
vbχ has decayed significantly due to the drag force. And fi-
nally, the two components tend to reach thermal equilibrium
at Tfin ' Tb(CDM)/[1 + (mχc2/6 GeV)−1] (Barkana 2018).
The competition between heating and cooling in the ther-
mal history affects the chemical evolution, which can result
in enhanced or reduced H2 abundances. In this regime, the
MNRAS 000, 1–11 (2019)
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Figure 5. Evolution of the ratio n¯PopIIIh (BDMS)/n¯
PopIII
h (CDM)
with zvir, for the fiducial BDMS model with mχc
2 = 0.3 GeV and
σ1 = 8×10−20 cm2 (solid), the typical ‘cold’ model with mχc2 =
10−3 GeV and σ1 = 1 × 10−18 cm2 (dashed) and the typical
‘warm’ model with mχc2 = 10 GeV and σ1 = 1 × 10−20 cm2
(dashed-dotted).
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Figure 6. BDMS energy transfer rate per hydrogen nuclei as a
function of the relative velocity (solid line), with Tb = 200 K,
Tχ = 10 K, and n = 1 cm−3, under the fiducial BDMS model
with mχc2 = 0.3 GeV and σ1 = 8 × 10−20 cm2. The typical
velocity of the thermal relative motion between the two fluids uth
is shown with the dashed-dotted vertical line. The upper region
with Q˙b > 0 corresponds to heating of primordial gas by BDMS,
while the lower region with Q˙b < 0 to cooling.
higher the vbχ,0, the longer it will take for vbχ to decay, and
the prolonged heating will facilitate H2 formation, thus re-
ducing the mass threshold. For instance, Fig. 7 shows the
thermal histories for a halo with M = 106 M and zvir = 20
(corresponding to t ' 180 Myr) within the fiducial BDMS
model (dashed and dashed-dotted), in comparison with the
CDM model (solid), for (a) vbχ,0 = 0 (b) vbχ,0 = 0.8σrms,
(c) vbχ,0 = 1.5σrms, and (d) vbχ,0 = 2σrms. It turns out that
cooling dominates before virialization for vbχ,0 ≤ 0.8σrms.
While for vbχ,0 = 1.5σrms, the transition from heating to
cooling happens at t ∼ 70 Myr. When vbχ,0 = 2σrms, BDMS
always heats up the gas for z > zvir (i.e., t . 180 Myr), since
vbχ > uth always holds.
3.2 Constraining BDMS parameter space
We calculate the mass thresholds at zvir = 20 in the BDMS
parameter space with 10−21 ≤ σ1 [cm2] ≤ 10−16 and
10−4 ≤ mχc2 [GeV] ≤ 100. The results are shown in Fig. 8
for (a) vbχ,0 = 0 (b) vbχ,0 = 0.8σrms, (c) vbχ,0 = 1.5σrms,
and (d) vbχ,0 = 2σrms. A general feature is that M˜th is
significantly enhanced in the top-left corner of parameter
space with low mχ and high σ1 (enclosed by the dashed
contour), where formation of H2 is strongly suppressed in
pre-virialization evolution (‘cold zone’). On the other hand,
if non-negligible streaming motions exist (vbχ,0 & 0.8σrms),
M˜th can be somewhat reduced in the region of parameter
space with high mχ or low σ1. Here, the effects of heating
and enhanced decay of streaming motions dominate (‘warm
zone’). The area of the ‘cold zone’ decreases, and that of the
‘warm zone’ increases with vbχ,0, consistent with the trend
found in Section 3.1 that (frictional) heating of gas and de-
cay of streaming motions by BDMS are more important with
higher (initial) streaming velocities.
Similar to Section 3.1, we calculate the number density
ratio fnh = n¯
PopIII
h (BDMS)/n¯
PopIII
h (CDM) for Pop III hosts
over the same parameter space at zvir = 20. Fig. 9 shows
the resulting map of fnh , where we impose a lower bound
10−7 on fnh for clarity of presentation. For comparison, we
also show the current constraints on millicharged DM from
the CMB, light element abundances, Supernova 1987A and
laboratory experiments (Berlin et al. 2018)5, as the green
shaded region with 10−2 . mχc2 [GeV] . 8 × 10−2 and
σ1 ∼ 10−19 − 10−16 cm2. It turns out that the region with
σ1 & 10−19 cm2 and mχc2 . 3 × 10−2 GeV is effectively
ruled out, since there fnh . 10−3, implying that Pop III
star formation is significantly suppressed. These constraints
from the perspective of the non-linear regime of structure
formation nicely complement those based on the 21-cm ab-
sorption signal from the IGM background (see Figure 3 in
Barkana 2018). In the specific case of millicharged DM, our
results further rule out about half of the allowed region in
parameter space. Besides, in most parts of the remaining al-
lowed region, fnh . 0.1, implying that the star formation
efficiency of Pop III stars required for millicharged DM to
explain the observed 21-cm signal should be higher than that
in the CDM case by a factor of 10.
In this study, we focus on BDMS models with a v−4
velocity dependence. For models with other velocity depen-
dencies, the trends will be similar in the relevant parameter
spaces (see Fig. 8 and 9). That is to say, at a fixed (viri-
alization) redshift, smaller DM particle masses and larger
cross-sections lead to stronger cooling, lower H2 abundances
5 In Berlin et al. (2018), the allowed range of millicharged DM
models is expressed in terms of the charge  ∼ 10−4 − 10−6,
mass fraction (within DM) fDM ∼ 0.003−0.02 and mass mχc2 ∼
10 − 80 MeV of millicharged DM particles. We map this range
to our phenomenological parameter space based on Formula (1)
from Mun˜oz & Loeb (2018), and the fact that the heat-exchange
rate Q˙b ∝ fDMσ1u−3th ∝ fDMσ1T
−3/2
fin at thermal equilibrium,
where Tfin ' Tb(CDM)/[1 + fDM(6 GeV/mχc2)].
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Figure 7. Thermal histories for a halo with M = 106 M and zvir = 20 (corresponding to t ' 180 Myr) under the fiducial BDMS
model with mχc2 = 0.3 GeV and σ1 = 8× 10−20 cm2 (dashed for Tb and dashed-dotted for Tχ), for (a) vbχ,0 = 0 (b) vbχ,0 = 0.8σrms,
(c) vbχ,0 = 1.5σrms, and (d) vbχ,0 = 2σrms, where σrms = 30 km s
−1. The evolution of Tb in CDM cosmology is shown with the solid
curves, while the CMB temperature TCMB with the dotted lines. For comparison, we also plot the thermal evolution of the IGM within
CDM cosmology, given by the fitting formula (Equ. 17) from Tseliakhovich & Hirata (2010) with the thin solid curve.
and, thus, higher mass thresholds for star formation. But
the detailed thermal histories will be different. In general,
if the velocity dependence follows a power law σ ∝ vn, the
larger the power-law index n, the earlier the effect of BDMS
becomes significant, because baryons and DM are hotter for
larger encounter velocities at higher redshifts (see FIG. 2 of
Dvorkin et al. 2014). In the context of the EDGES signal,
to achieve the same (sufficiently low) IGM temperature at
z ∼ 20, efficient cooling (heating) of baryons (DM) tends
to occur earlier for larger n, which is more likely to violate
CMB observations.
4 DISCUSSIONS AND CONCLUSIONS
We derive the mass thresholds M˜th of dark matter (DM)
haloes in which primordial gas can cool efficiently to form
Population III (Pop III) stars, under baryon-dark-matter
scattering (BDMS), by calculating the relevant thermal
and chemical histories with a one-zone model. We focus
on the BDMS model with interaction cross-section σ =
σ1[v/(1 km s
−1)]−4, where v is the relative velocity of the
encounter. We assume that the velocity distribution of DM
particles can be approximated with the Maxwell-Boltzmann
distribution, which is only valid with sufficient DM self-
interactions. For weakly self-interacting DM, we expect the
ideal gas approximation to result in uncertainties in the
energy-/momentum-transfer rate of a factor of a few, based
on the analysis in Ali-Ha¨ımoud (2019).
In our calculation, we have taken into account the effect
of streaming motion between DM and gas, with a parameter-
ized model calibrated to simulation results (see Sec. 2.3 for
details). However, we do not consider the effect of Lyman-
Werner (LW) photons, which can enhance the mass thresh-
old. We expect that the constraints on BDMS summarized
MNRAS 000, 1–11 (2019)
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Figure 8. Maps of the mass thresholds for Pop III host haloes at zvir = 20, in the σ1-mχ parameter space of BDMS models, for (a)
vbχ,0 = 0, (b) vbχ,0 = 0.8σrms, (c) vbχ,0 = 1.5σrms, and (d) vbχ,0 = 2σrms, where σrms = 30 km s
−1. The location of the fiducial model
(mχc2 = 0.3 GeV, σ1 = 8× 10−20 cm2) is labelled with a star, the typical ‘cold’ model (mχc2 = 10−3 GeV, σ1 = 1× 10−18 cm2) with a
solid circle, and the typical ‘warm’ model (mχc2 = 10 GeV, σ1 = 1× 10−20 cm2) with a triangle. The solid contour denotes the value in
the CDM model, the dashed contour the atomic cooling threshold M2 (Equ. 16), and the dashed-dotted contour 10M2. The constraint
based on the EDGES signal corresponding to the minimal absorption depth of 〈δT 〉 = −300 mK at 99% confidence level (Barkana 2018)
is shown with the dotted contour. Here we have imposed an upper bound of log(Mmax [M]) = log(10M2 [M]) ≈ 7.9 on the mass
threshold.
below will be tightened when the LW field is included. Be-
sides, we only model the thermal legacies of virialization
without a full treatment of the relevant dynamical effects
(e.g., ionization associated with shocks), which means that
our model is only suitable to Pop III star formation.
Despite these caveats, our results provide new con-
straints on BDMS models from the non-linear regime of early
structure formation:
• In the fiducial model of BDMS with mχc2 = 0.3 GeV
and σ1 = 8 × 10−20 cm2 that can accommodate the 21-
cm absorption depth measured by EDGES (Bowman et al.
2018), the mass threshold is enhance by a factor of a few,
and the cosmic average number density of Pop III hosts is
reduced by a factor of 3 − 10, in the EDGES epoch z ∼
15 − 20, compared with the case of the standard ΛCDM
model. Therefore, if this model is to self-consistently explain
both the strength and timing of the observed 21-cm signal,
differences from the CDM model in astrophysical parameters
(e.g., star formation efficiency of Pop III stars) must exist.
• The region with σ1 & 10−19 cm2 and mχc2 . 3 ×
10−2 GeV in the BDMS parameter space is ruled out. In
this region, the number density of Pop III hosts is reduced
by at least three orders of magnitude at z ∼ 20 com-
pared with the case of CDM, indicating that formation of
Pop III stars is significantly suppressed for z > 20, inconsis-
tent with the timing of the observed 21-cm absorption sig-
nal. These constraints complement those based on the 21-
cm absorption signal from the IGM background (Barkana
MNRAS 000, 1–11 (2019)
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Figure 9. Map of the number density ratio, fnh =
n¯PopIIIh (BDMS)/n¯
PopIII
h (CDM), for Pop III hosts at zvir = 20,
in the σ1-mχ parameter space of BDMS models. The symbols
follow the same convention as in Fig. 8. The solid contour de-
notes fnh = 1, while the dashed ones fnh = 0.1, 0.01 and 10
−3
(from bottom-right to top-left). The IGM constraint based on
the EDGES signal is shown with the dotted contour (Barkana
2018). For comparison, we also show the current constraints on
millicharged DM from Berlin et al. (2018), as the green shaded
region. Here, we have placed a lower bound 10−7 on fnh .
2018). The remaining allowed region in the BDMS param-
eter space is a ‘belt’ with 3 × 10−2 . mχc2 [GeV] . 0.6
and 4 × 10−21 . σ1 [cm2] . 10−19. For the specific case
of millicharged DM, our results further tighten the existing
constraints from Berlin et al. (2018) by ruling out the models
with mχc
2 ∼ 10− 40 MeV.
Considering the exploratory nature of this semi-
analytical work, it is important to follow up with cosmo-
logical hydrodynamic simulations for BDMS models in the
future. With simulations, one can include more physics (e.g.,
stellar feedback and radiation fields), and study early struc-
ture formation in greater detail (e.g., internal structures
of DM haloes and star-forming clouds, star formation and
chemical enrichment histories, statistical and global radia-
tion signature such as UV luminosity function and cosmic ra-
dio background), as has already been done for CDM, WDM,
and fuzzy DM models (e.g., Yoshida et al. 2003a; O’Shea &
Norman 2006; Gao & Theuns 2007; Dayal et al. 2017; Hirano
et al. 2017; Jaacks et al. 2018a; Jaacks et al. 2018b; Liu et al.
2019). However, this is not trivial, requiring new numerical
techniques of sampling the phase space of DM with simu-
lation particles and implementation of the scattering pro-
cesses. BDMS models would deserve such efforts even more
if the EDGES signal were confirmed with follow-up measure-
ments, accentuating the possible tension between the stan-
dard ΛCDM model and 21-cm observations. At the current
stage, semi-analytical models (e.g., Madau 2018; Mirocha
& Furlanetto 2019; Schauer et al. 2019a) are important to
explore all possible implications from the 21-cm absorption
signal on early structure formation. Along this direction, it
is also interesting to extend this work to other interpreta-
tions of the EDGES signal beyond BDMS, such as the early
excess radio background (Feng & Holder 2018; Fraser et al.
2018; Mirocha & Furlanetto 2019; Liu et al. 2019). The role
of early cosmological structure formation as a precision lab-
oratory for DM particle physics is likely to further grow in
the next decade.
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